Osteoporotic fracture increases the risk of premature mortality. Muscle weakness is associated with both increased fracture risk and low BMD. However, the role of muscle strength in post-fracture mortality is not well understood. This study examines the change of muscle strength measured at quadriceps (QS) before and after fracture, and defines the relationship between muscle strength and post-fracture mortality.
Introduction
From the public health view point, fragility fracture is a significant burden on the population, because it is highly prevalent and it is associated with serious consequences. In women, the lifetime risk of fracture at the hip, the most serious type of fracture, is one in six, which is higher than the lifetime risk of invasive breast cancer. (1, 2) The risk of hip fracture in aged men is about one-third of that in women. (1) More importantly, a fracture is associated with an increased risk of premature mortality in both women and men. (3) With the on-going aging of the population, the impact of fragility fracture is projected to become more pronounced.
Factors that account for this premature mortality risk following a fracture have not been well established. Studies investigating these factors have predominantly focused on hip fracture due to the high mortality incidence following this kind of fracture. Co-morbidities and low bone mineral density have been reported to be associated with post-hip fracture mortality (4, 5) , but they could not explain the excess mortality post fracture.
Muscle strength declines with advancing age at the rate of 1.6% per year in the general older population. (6) This decline in muscle strength has been reported to be associated with an increased fracture risk. (6, 7) However, among those who are at risk of a fracture the pattern of muscle strength decline is not clear. Also, it is not known whether muscle strength decline is exacerbated in those who experience a fragility fracture.
In addition, although muscle weakness increases fracture risk (6, 7) and fracture in turn increases the risk of premature mortality, (3, 8, 9) the relationship of muscle weakness to mortality after a fracture is not well understood. People with a low-trauma hip or vertebral fracture have an increased risk of premature mortality with the highest risk during the first year after fracture, and a notably increased risk persisting for several years after the event. (3, 8, 10, 11) Muscle weakness has been shown to be associated with premature mortality in the general population. (12, 13) The excess risk of mortality in people with fracture could be contributed to by an increased prevalence of muscle weakness or an
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Furthermore, increased mortality after fragility fracture is gender-specific. (14) Men are about 2-fold more likely to die after fracture than women. (15) Understanding gender-specific skeletal muscle changes and their association with post-fracture mortality could help in understanding the gender difference in mortality after fracture.
In this study, we tested three hypotheses: (1) muscle strength declines in those who are progressing to a fragility fracture; (2) muscle strength loss is increased after a fragility fracture; and (3) low muscle strength (before and/or after a fragility fracture) is associated with post-fracture mortality.
Study Design and Methods

Participants and Settings
The study involved all participants who had at least one low traumatic fracture since the age of 50
and had been taking part in Dubbo Osteoporosis Epidemiology Study (DOES). DOES is an ongoing longitudinal population-based study, which commenced in 1989 in Dubbo, Australia. Dubbo has a relatively stable population and its own radiological services, thus constituting an ideal setting for the epidemiological study of fracture. The details of DOES have been published elsewhere. (16) (17) (18) (19) The study protocol was approved by the St Vincent's Hospital human research ethics committee. In 1989, approximately 2100 women and 1600 men aged 60 years or over were living in Dubbo City. (18) At its beginning (1989), DOES involved over 60% of this population. (4) By its nature, the study did not involve those who were institutionalized. The second phase of the study which started around 2000 continued to recruit individuals who reached 60 years of age from the general population. Hence, at the time the data were extracted (31st August, 2015), there were 2318 women and 1424 men in DOES. Muscle strength measurement was expected to be done for all those participants. However, due to time strain, which happened randomly, or due to some
This article is protected by copyright. All rights reserved 5 participants was too weak to perform the test, there were 5% of those women and men had no strength measurement. The remaining 2200 women and 1359 men had at least one muscle strength measurement. Therefore, this group was the "input" population on which further criteria was applied to select the final sample. In this study, due to a change in measurement protocol, from "input" population, we included only those with strength measurements from 1992 resulting in 2004 women and 1191 men. Among those with eligible strength measurements, 889 women and 295 men had experienced at least one fracture after the age of 50. For the main aim of this study, to investigate the association between muscle strength and post-fracture mortality, this whole fracture cohort was used. In addition, to investigate the change of muscle strength before and after fracture, two subgroups of this fracture cohort were used. One subgroup, henceforth referred to as the pre-fracture subgroup, consisted of 344 women and 99 men who had at least two muscle strength measurements before fracture. The other subgroup, referred to as the post-fracture subgroup, consisted of 407 women and 105 men who had at least two muscle strength measurements after fracture. There were 73 women and 17 men who belonged to both subgroups.
The framework for the study design is outlined in Figure 1 .
The median follow-up time for the whole fracture cohort was 11 years (range: 1 to 24 years). The median follow-up time for the pre-fracture and post-fracture subgroups were 15 (range: 3 to 24 years) and 11 years (range: 2 to 24 years), respectively.
Fracture ascertainment
For those participants who fractured after the age of 50 but before entering the study, their fractures were identified by recall. Fracture occurred after age 50 and before baseline accounts for 4% of all fractures and the analysis excluding these cases yielded a similar result.
Fractures occurring after participants had entered the study were ascertained from X-ray reports from the two and, at some times, three radiological services in Dubbo as previously 
Measurements of Muscle Strength and Risk Factors
Quadriceps strength was defined as the maximal isometric muscle contraction measured in the participant's self-identified dominant leg, using a horizontal spring gauge. Details of the measurement have been published elsewhere. (6) The maximum value of force that could be measured was 50 kg. The measurement was taken approximately biannually for each participant.
The median number of measurements was 3 (range: 1 to 10) for the whole cohort, and was 3 (range:
2 to 9) and 3 (range: 2 to 10) for the pre-and post-fracture subgroups. As measured muscle strength may be affected by leg length, we used height adjusted muscle strength (kg/m), which henceforth is referred to as muscle strength (MS).This measurement method has a reliability coefficient of 0.75. (21) Bone mineral density (g/cm 2 ) was measured at the femoral neck by dual-energy X-ray absorptiometry using a LUNAR DPX, or later on Prodigy densitometer (GE-LUNAR, Madison, WI, USA). The reliability of this method, as published previously, as measured by the reliability coefficient of BMD at the femoral neck is 0.98. (22) At baseline, age, anthropometric data (i.e. weight and height), falls history (within one year prior to baseline), smoking status (past or present), physical activity and co-morbidities were collected by a trained nurse. Co-morbidities were classified as follows: cancer (non-bone related, bladder, bowel, This article is protected by copyright. All rights reserved 7 cervix, uterus, gastro-intestine, liver and melanoma), diabetes (type I and type II), cardiovascular disease (ischemic heart disease, mitral valve incompetence, myocardial infarction, stroke, transient ischemic attacks, pulmonary embolus, pulmonary oedema, cardiac arrhythmia, and carotid insufficiency), hypertension, neurological disease (Alzheimer, dementia, depression, and epilepsy), rheumatoid arthritis and respiratory disease (asthma and emphysema). Number of co-morbidities was a sum of the presence of these co-morbidities minus hypertension.
Physical activity was assessed at the same time as the first muscle strength measurement. In cases where this information was not available, we took physical activity values from one of the two visits prior to when muscle strength was first measured. In these cases, the gap between physical activity information and muscle strength measurement was at most five years. Physical activity index was calculated as the average number of hours per day spent in each of five levels of activity, with weighting factors based on associated oxygen consumption for each activity according to the Framingham Study. (23) Details of physical activity data collection and calculation has been published elsewhere. (24) 
Statistical Analysis
The change in muscle strength over time was assessed using an individual growth model. The association between baseline muscle strength and post-fracture mortality risk was investigated initially using Kaplan-Meier survival curves with participants stratified into tertiles of muscle strength. The association then was assessed using the Cox's proportional hazards model.
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In order to estimate the proportion of death attributable to muscle weakness, we estimated partial population attributable risk (PAR p ). (26) This population attributable risk for muscle weakness represents the proportion of deaths that could be deferred if muscle weakness was eliminated from the population; or in other words, if those with muscle weakness instead had their muscle strength in the normal ranges. We also estimated full PAR (PAR f ), (26) which is the proportion of deaths that would be deferred if all the risk factors (except for age) identified in parsimonious models were considered eliminated. In order to calculate PAR p and PAR f , cutoffs to define threshold for all risk factors were required. The cutoff for muscle strength was defined as the value equivalent to the first tertile of the range. This cutoff was 11.11 kg/m for women and 17.44 kg/m for men. While no internationally recognized thresholds exist for this measure, our choice for this cutoff was based on the following information: 1) people in the lowest tertile of muscle strength had a significantly higher risk of fracture (6) and 2) Kaplan-Meier survival curves (Figure 2) showed that those people who were at the lowest muscle strength tertile had significantly lower survival probability. The same method was applied to define the cutoff for physical activity index. Age from 70 and BMD T-score less than -2.5 were used as thresholds for age and femoral neck BMD.
All analyses were performed separately for men and women, and conducted with SAS software. (27) Graphs were constructed in R (28) using the packages ggplot2 (29) , survival (30, 31) and KMsurv. There was no difference in the distribution of co-morbidities between women and me, except for cardiovascular disease where men had higher prevalence than women.
Results
Fracture Cohort
In the subgroups of those who had at least two measurements of muscle strength, at baseline, women in the post-fracture group were significantly older, shorter and had lower MS than those in the pre-fracture group. These differences were not observed in men ( Table 1) .
Incidence of mortality
During the follow-up period, 366 (41.2%) women and 150 (50.9%) men died over 10,925 and 3,186person-years at risk, respectively. These yielded an average mortality rate of 34 per 1,000
person-years (95% confidence interval (95% CI): 31, 38) in women and 47 per 1,000 person-years (95% CI: 40, 55) in men.
In women, compared to survivors, those who died were significantly older, shorter, less physically active, and also had lower weight, BMI, FNBMD and MS at baseline. These differences, except for height and physical activity, were also observed in men. Diabetes was more prevalent in men who died while respiratory disease was more prevalent in women who died. (Table 2) When analyzed by fracture type, the risk of mortality following a hip fracture was highest (67% for women and 64% for men), followed by mortality risk among individuals with a clinical vertebral fracture (37% for women and 46% for men). The risk of mortality among individuals with non-hip and non-vertebral fractures was similar to that for those with vertebral fracture.
Muscle strength change before and after fracture
Analyses for determining muscle strength change were performed in subgroups of men and women who had at least 2 muscle strength measurements before and/or after fracture. Two parameters of muscle strength before and after fracture were estimated: predicted strength at age 70 and annual absolute loss of strength from this age, which was to calculate the relative annual rate loss.
In women, for those whose muscle strength had been taken before fracture, strength at age 70 was 14.6 kg/m (95%CI: 14.1, 15.0) and annual absolute loss was 0.27 kg/m (95%CI: -0.32, -0.23), equivalent to an annual rate loss of 1.85%/year (95%CI: -2.20, -1.57). For women whose muscle strength was measured after fracture, muscle strength loss was not significantly different from that before fracture (Table 3) .
In men, all muscle parameters taken before or after fracture were greater than those in women.
Before fracture, men at age 70 had a muscle strength of 22. (Table 3) .
Subgroup analysis of those with different fracture types revealed that there were no significant differences in the absolute decline of muscle strength before and after fracture for all fracture types in both women and men (Table 4) . However, among women with vertebral fracture, muscle strength after fracture was significantly lower than that before fracture while strength loss after fracture was significantly higher than the loss before fracture.
Muscle weakness as a predictor of post-fracture mortality risk
Survival probability was lowest in those whose muscle strength was in the lowest tertile of their gender matched group, regardless of fracture type (Figure 2 ).
In both genders, there were significant independent associations between lower muscle strength and post-fracture mortality risk as well as for advancing age, lower weight, lower FNBMD, lower BMI and low levels of physical activity (Table 5) . Lower height and history of falls were associated with increased risk of post-fracture mortality in women but not in men. Hypertension was protective against post-fracture mortality in men (Table 5) .
After adjustment for age, the association between muscle strength and post-fracture mortality was attenuated but still significant. We also investigated the association between post-fracture mortality risk and muscle strength measured before and after fracture. In both men and women, muscle strength before and after fracture both were associated with mortality; however, the effect size for strength before fracture was larger than that for strength after fracture (Table 6) . Full adjustment for all potential predictors was not conducted due to insufficient number of events per predictor.
Further analysis by fracture site revealed that, after adjusting for age, each SD decrease in
MS was associated with an increase in the risk of mortality following vertebral and non-hip, non-vertebral fractures for both men and women (Figure 4). However, this association was not observed for mortality following hip fractures. The adjustment for all possible risk factors
was not conducted because of the small number of deaths in each subgroup following specific types of fracture.
Discussion
Post-fracture mortality remains a puzzle as debate centers on whether the relationship between fracture and mortality is causal. In this study, we have demonstrated that muscle strength declined with advancing age, and low muscle strength was associated with an increased risk of post-fracture mortality. This association was independent of baseline femoral neck BMD, BMI, history of falls, smoking, physical activity, and the number and type of co-morbidities.
Decline in skeletal muscle strength with advancing age in the general population has been previously reported, (6, 33) including in our previous study using the Dubbo Osteoporosis Epidemiology Study. (6) In that study we found that muscle strength at quadriceps declined at an annual rate of 1.6% for both older women and men. The current study extends the findings of the previous study by taking into account the fracture event so that the reduction in muscle strength can be compared before and after fracture. Interestingly, we have found that there was no difference in the annual loss of strength measured before and after fracture. Also, this finding did not differ between fracture types. The annual absolute loss was higher in men (0.39 kg/m) than in women (0.27 kg/m); however, as men had higher strength, they had an overall lower rate of relative loss than women (1.7% in men compared to 1.9% in women)
The underlining aetiology of skeletal muscle strength decline with advancing age is not well understood. One study showed that loss of muscle mass was a determinant of muscle strength reduction in older adults; however, gaining muscle mass did not prevent aging-related declines in muscle strength.
(33)) Studies at the cellular and molecular levels have reported sex-specific structural alterations associated with aging. Men have been reported to have fewer fibers with large crosssection areas (CSA) while women showed reduced fiber size across the CSA range. (34) In addition, the increase of isometric tension and myofilament lattice stiffness and the reduction of phosphorylation of the fast myosin regulatory light chain and myosin actin cross-bridge kinetics are age-related molecular changes which were most notable in women. (35) These sex-specific agerelated alterations may explain in part the gender differences in the age-related reduction of muscle strength.
The association between low muscle strength and mortality risk has been well established for the general population. (12, 13, (36) (37) (38) In the present study, we specifically investigated this association in a cohort of those who had sustained a fragility fracture as previous studies have shown higher premature mortality risk in this population. (3, 8, 9) In a general population of those aged 80 and above years old, those with the highest tertile of handgrip strength had a 38% lower sex-adjusted risk of all caused mortality.
Our study has shown that each SD decrease in quadriceps strength was associated with increased risk of mortality after a fracture by28% in women and 36% in men after adjusting for age, FNBMD and co-morbidities. The contribution of muscle weakness to postfracture mortality could be explained in part through a falls mechanisms as muscle weakness increases the risk of falls, (39) which in turn increases the risk of fracture and fracture-related premature mortality. (3, 9, 11) However, in this study, the whole cohort had suffered fractures and there was still a strong association between muscle weakness and premature mortality. Therefore, this association suggests a pathway independent of fracture. Fall was a potential confounder as it is associated with both muscle strength and mortality. However, in the multivariable analysis, we found that fall did not alter the magnitude of association between low muscle strength and post-fracture mortality, suggesting that the association was independent off fall.
This study, for the first time, has estimated the proportion of post-fracture mortality attributable to muscle weakness by using partial population attributable risk. Muscle weakness is attributable for 19% (95%CI: 0.11-0.27) of premature deaths after fracture in women and 27% (95%CI: 0.15-0.39) in men. From the public health perspective, an intervention which could significantly improve This article is protected by copyright. All rights reserved 14 muscle strength in those people to bring them to normal strength group may delay death for 2 out of every 10 women and 3 out of every 10 men.
The finding from this study provides insight into the gender difference in increased mortality risk after fragility fracture. It is well documented that while fragility fracture is less prevalent in older men than older women, mortality after fracture is more frequent in older men than in older women. (14, 15) In the present study, low muscle strength was associated with higher mortality risk and absolute strength loss is much greater in men than in women.
A novel feature of our study is that the association between muscle strength and mortality risk was examined following different types of fragility fractures. The age-adjusted association between muscle strength and mortality risk following vertebral or non-hip non-vertebral fractures was similar to that following all types of fracture. This may be explained by the finding that muscle strength and its annual rate loss did not differ between different types of fractures.
The mechanisms by which low muscle strength may be linked to increased post-fracture mortality are not known. In our previous study, (6) we reported that low muscle strength was associated with increased risk of fragility fracture. Hence, the increased risk of death following fragility fracture in those with low muscle strength may be due to low strength itself or due to an interaction between low strength and fracture. Thus, taking into account the impact of low muscle strength on fragility fracture and on mortality after a fragility fracture, an intervention to increase muscle strength in the older people may be a good target for both fracture and premature mortality risk reduction.
This study has several limitations. The participants were Caucasian so the findings may not be This article is protected by copyright. All rights reserved 15 mortality found was overall independent of other risk factors, though this was not examined in detail for the different types of fracture due to the small numbers of specific types of fracture.
In summary, muscle strength at quadriceps declines with advancing age but this reduction is not increased after a fragility fracture. Lower muscle strength is a determinant of premature mortality following a fragility fracture at all sites for both men and women, albeit not significantly for hip fracture in women. As low muscle strength is also associated with an increased risk of fragility fracture, early intervention to improve muscle strength in the older population may have an effect on reducing both fracture and premature mortality risk.
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